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HIGH-ALTTTUDE COOLING .. ..
IIT - RADIATORS
By Jack N. Nielsen

" ' SUMMARY

A detalled analysis has been made to take account: of the
high cooling-alr veloclty ocourring in high-altitude radiators.
Methods are developed for determining the heat-tranafer rate,
the pressure drop, and the drag power. Some effects of Mach
number are shown. Radlator performance cherts based on the anal-
yale are presented for a wide range of the design variables. The
application of the charts 1s shown by an example.

The performance charts show that the heat-tranafer rate for
e given total-pressure loss is not greatly affected by the high
alrplane velocitles but that the necessary total-pressure loss
and the resulting dra.g are both greatly increased at high alti-
tudes,

INTRODUCTION

Extensive literature is avallable relative to the perform-
ance of ethylene-glycol radiators:in the normal range of oper-
ating conditions. At high altitudes, however, certain effects
that normally receive but little consideration acquire increased
importance as a result of the high velocities of the cooling alr
through the tubes. The purpose of this paper is to describe and
evaluate these effects.

The theories are outlined on which are based the calcula-
tiong of heat transfer,-of friction pressure drop, and -of accel-
eration pressurs drop at high Mach numbers. A general differential
equation for the preesure drop and some approximate solutions
for the equation are given. Radiator.design charts based on the
simplest of these. approximate aolutions are included. These charts
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show, for a range of altitude up to 50,000 feet, the variation
of heat diasipation per unit frontal area with pressure drop as
well as the corresponding dreag power. An example showing the
use of the charte ls a2lso included.-

This paper is the third of the aaries on high-altitude cool-
ipg. (See reference 1.)

~ BIMBOLS

alrspeed, feet per second
mean flow velocity in rediator tube, feet per mecond
radiator-tube length, feet

:raa_ia.tor-tu-ba diameter, feet

> U B 4 o

oross-sectional area of radiator tube, square feet

distance along radiator tube, féet

M

distance from axis of radiator tube, feet
a‘beoiﬁte_t_ein.peratur_e, OF + 460

absolute temperature of imnér surface of rediator tube,
Op + 460

Ji H 4

T " absolute stagnation temperature,

2
F + 460, T + ——
2Je

0= Ty - Ts

deénsity of cooling air, slugs per cubic foot

gas constant for air (533 X 32.2 Btu per slug per °F)
absolute static pressure, pounds per square foot
dynamic presaure, pounds per square foot

'ﬁ'd‘._?"b
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9q . impeot pressure, pounds per square fogl

B total ppepsups, RoUpde per pquare Fook

ADF statio-pressure change due to shearing.force at tube wall,
pounds per sguare foot

APm static-pressure change due to momentum change of cooling
air, pqunds per square foot

isentropic-expansion exponent (1.4)

k thermal conductivlity,. Btu per square foot per second per
(°F /£oot)

°s specific heat of air at constant pressure (7.735 Btu per slug
per °F)

J mechanical equivalent of heat (778 foot-pounds per Btu)

h heat-ts;nafer coefficient, Btu per second per square foot
per

Q heat-tranasfer rate, Btu per second

Pc heat-transfer rate, horsepower per unit frontal area of
radiator

PD dreg power, horsepower per unit frontal area of radiator

o relative density of atmosphere (p/0.002378)

1! absolute viscoslty of cooling air, slugs per foot per
second

R Reynolds number of flow in rediator tube (VZpZD/lJ.)

a speed of sound at temperature T, feet per second

SBubsoripts:

o in free stream

2 Just inside rediator-tube entrance
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3 Just inside rediastor-tudbe exit
4 Just outseide: Yadiator-stube exit after sudden axpa.nsion

5 in cooling .air after aly returps to free-atream sta.tio
preasure .S,

a stagnation -

The path of the cooling air throygh the airplane 1s con-
veniently oonsidered in four perts. Between.the. f:ree gtreamn and
the inlet to the radilator tubes the air undergoea a’ oha.nge, usu-
‘ally én increass, in'static-pressure and some lose of total pres-
sure. In flowing through the hot tube the air ungergoes a tem-
perature rise and a total-preasure drop. In passing out of the
rediator tubes thé eir!suffers,a further.loss of total pressure.
Finally, as the air passes out of the duct into the free stream,
the' static pressure returns tq:free-stream static pressure at sub-
stantially constant total pressure. A detailed analysis of the
processee occurring in these steps follows.

[LEE S

5. -+ 1. ... Ajlabatic Compreseion.

The temperature at the radiator-tube entrande 'is given by
a statement of the 'law -of the condervation of . energy for the
a.diabatic flow of a perfect gas

-
« wl,

' .. 1" - 2
Tp = To 4 52 v 2 .vz) (1)
P .
' . LY R : oL et
where 5315— = 0.852 x 10'4 slug per b)'.l' per foot-pound
'p. . '- Lt .. . . - '

The pressures Jjust inaslde the radlator-tube entrance, unlike
the temperature, 1s not uniquely determined by the  alrplane speed
and the tube-entrence veloclity. If the flow from the free stream
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5
up to this point wez_:e_iqenhrppio, the pressure ' p, would be given
by : ._

-1
[} L,," 7 -1 vo ¥ vzz
PC;H:.’ Z l - v—a- ;-;2-+1 (2)

The full isentropic pressure rise ls generally not developed
because of skin friction and flow separation. - An estimate of
the pressure loss must be made for purposee of calculation.

Heét Tranafer

The usual equation for the heat transfer from a radiator
tube 12 dorivad hy equa*ing the heat 'lost from an elementary

length of +#ure wnli to the heat galned by the fluid in flowing
through the eiement. The heat lost 1s

aq = h(fl.'v; - T)xD dx '..' (3)

vhere T 1is the temperature at any distance x elong the
radlator tube. The expression for the heat-transfer coeffl-

cient from roference 2, wﬂ'.h the velue o:l’ the constant from
reference 3, 18

0.2 0.8
h = 0.0247ch’3) (o¥) (¢)
The heat gained 1s given by

2
. - ¥D° =
If any change in the kinetic energy within the element is neg-
lected, an eguation relating T,and x may be -obtained dy
elim:lna.t ng h anl 4Q among. equat{ons (3), (4), and. (5). .
If the variavion in the fifth root of the viscosity 1s neglscted,
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the equation may be integrated for the initial oonditions ' T = Tz
vhen x = 0; thus

y -4.(0.'0247)3'0'-2-"5
T, - T = (T, - Tp)e D (8)

The quantity of heat transferred pe.r"unit' time up to point x 18

2
Q = oV o (T - Tp) (7)

Combining equations (6) and (7) resulte. in the usual equation
for the heat transfer of radiators

—0125

- a~¢(0-0247)R™"%F (8)

2
Q 'pf?cp(% --'1.'2) )

The empirical formula for the heat-transfer coefficient given
by equation (4) 1s based on teste at low airspeeds for which
the heat developed in the laminar sublayer by viscous shearing forces
is emall when compared with the total heat transfer. Because the
heat genereted by viscous shearing forces is gquadratlcally depend-
ent on ths cooling-alr veloclty, this heat becomss appraclable at
high elrspeesds. For such cases Crocco glves the felimiing rule
in refererce 4: "The traneference of hent between any chject and
a fluid flcwing by 1t, vhsn it 18 no longer poss3ible to disre-
gard the Leet developed by friction, 1s govermed ty the seme law
that applied whon it 1s regliglible, provided the temperature to
which the fluid is brought bty adlabatic arrest 1s coasidered as
1te temperature." In equation (3), that 1s, the actual tempera-
ture should be replaced by the stagnation temperature

dQ = h(T, - Tg)D ax (9)

The pleusibility of equation (9), at least for the limiting
cage of zero heat transfer, may be shown as follows: Consider
the flow in the boundary layer to be essentially two-dimensional,
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inasmuch as ‘the radius of curvature of the tube is large oom-
pared with the thicimess of the boundary layer. Veloclty and
temperature: gradients "in ‘the £low: d';reotion ‘may be neglected.
The .change in the total energy of the fluid flowing through an
olementary volume .is the net heat conduqted -into the volume .
by the temperature gredient perpendicular to the flow direction
plus tho work done on the volume by the viscous shearing forces
resultinq ‘from-the velooity gradlent perpendicular to the flow
direction.’ In the form of an equation; the energy balance
becomes” : : Trer '

- ' e ' S h
DI G Y BN (. R 4.4 )
dx .-\ dy J dy :
It op, k, and 4 are assumed to be independentofthetempei'al
ture, equation (10) may be rewritten as

! oT . aa vZ
oV —2a 2 |um et (11)
P 3x y? J 2
For the case ucp/k = 1, a particular solution of equa-
tion (11) 1s '
v2 T
T + ﬁ'—— = T = Constant (12)

The net heat conducted into the elementary volume 1s, for this
solution, equal to the work dome by the volume against viscous
shearing forces, so that the total-energy distribution is

wniform throughout the boundary layer. ¥ is apparent that
et the wall, where V = O and T=-'I', y.o tha.tis,thenll

1s at temperature Ty "and the heat tre.nsfer is zero.

The validity of the asaumption “_:P. -1 de'pends upon whether

the houndary la.yar is laminar or turbulent. There will usu-
ally be an outer turbulent boundary layer adjoining a laminar
sublayer, part of the temperature rise occurring within each.

For the laminar sublayer ? = 0.75. For the turbulent part of
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the bouwrdary’ layer, however, —-P- = 1 because the eﬂ‘ecbivo values

of k and 4 are groater for turbulont flow than for laminar
flow (reference 4). The over-all effects of the variation of '.'L:B
with the nature of the flow-and of the variation of 4, op, and -
k with temperature on the equilibrium temperature of the pipe wvall
as given by equation (11) are mot very great, Frdssel in refer-
ence 5 observed that alr accelerating from rest at atmospheric
temperature to supersonic velocities did not appreciadly change

the tube-wall tempereture from atmospheric temperature, even
though the temperature of the air dropped more than 1000 F.

In the development of the heat-transfer e'quation for high air-
epeede, the kinetlic-energy correction must be added to equa-
tion (5) before this equation may be used in the high-velocity

range; thus

dq-’iff- Vlc d'].'+d(v2

P

or

dQ = E’i pfc

. dTg (13)

P

If the heat-transfer coefficlent 1s asaumsd to be the sams at
high speeds as at low speeds, the solution of equations (13)
and (9) is analogous to equation (8):

-0, 21
4(0 0247)R D (14)

Q= ¥ T2 (Tw-'l'sz) 1 -

Equation (14) is recommended as a first approximation to the
heat-tranafer rate at high airspoeds for which experimental data
are lacking. The assumption in the derivation that the heat-
transfer coefficient remains the same at high speeds as at low
speeds is implied in the rule given by Crocco im reference 4. It
1s an experimental fact (reference 5) that the skin-friotion
coefficient is independent of the Mach number; and, because the
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mechanism causing heat transfor-is esasentially the same as the
mechaniesm causing skin friction, it seems Justifiable to assume
in the absence of direct etperimen‘ba.l data that the heat- -
transfer coefficient is also 1ndependent of the Mach number.

Static-Freasure Lodses in the Tubes

Linear axisl-velocity dfstributicds. - The primary cause
of static-pressure drop In the Tlow through a hot radiator tube
is the shearing force at the tube wall due to the skin frio-
tion. Aocording to referenoe 3, the static-pressure drop due
to skin friction 18 :

LI Y P v or -

-0.2!
op, = 0.09807°R 5

or, in the differential form with dué regard for bignm,
1

g-0.2

. -dp = 0.09‘8‘)‘?2 ax - : (15)

Because the product pV must be a constant within the
tube, the deunslty reduction within the tube results in an
aoceleration that causes the furt.har prefsure drop

¢ . :
7 .

/2
Ap, = ad; f ;ﬁé’% (2ny) ay | ax
0

When the varisble y 1s changed to f/r'z" the expression
rewritten in the differential form ia

1 ' .
A0y = A pfaf aG—)? = a(ﬁ%) ax (18)
0
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For the Blasius -%-pcwer-lmr velooity dlstribution the value of

the integrel ig 50/49. A value of 1 will be assumed; that is,
the average veloglty is supposed equal te the root-mean-square
velooity. 'In the reat of the paper the bar has been omitted
from V and no distinction is indicated between velocity,
average velocity, and root-mean-square velocity.

The equation for the total loss of static pressure 13 given
by the sum of equations (15) and (16) as follows: -

-dp = 0. 09BpV2 R 2 ax + a(pva) (17)

As pV 18 constant,

V2
R-onz .
P, - Py .= 0.0980V —— [ : V ax + oV av (18)
9] Vz

The static-pressure drop in the tube may be approximated if the
axlal-veloclty distribution is assumed to be linear, an assump-
tion that will de Justified in the follawing section. By this
assumption . . .

P2 - P3 = °-°9802V23'°'2C"a—;‘y£115" + PV (Vs - Vz) (19)
By use of |
AP R AL
and
Pa Py

p2Tz . p3T3
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equation (19) may be solved for pp.- py in terms of the known
quantities: by, po,- Vmy Ty, and L/D: - '

~

Dy - D3 = %.."3)'- B“ 4 4C | (20)
vhere 7 i}
B=P " Pavzzs('?‘; TE) L
C= Pz"zvzz ;3'(1 +g *(E - )
and '

F ow z(o.-ow %R‘o'-"?

The velue of T; 18 obtained from equation (6).

[

Nonlinear axlal-velocity distributicns.' - When statio-
pressure drops exceed 30 percent of ,the absolute pressure at
the tube entrance, an error of more than 10 percent will be
made in determining the pressure drop from equation (20). In
this case the simpliflied solution of the differential equation
for the pressure drop based on the linear axial-velocity dis-
tribution is no longer valld. A more precise solution of equa-
tion (17) may be derived as follows: - First, the axial velooity
is expanded as a power series of the x/D retio with coefficients
to be determined. This expreseion 1is substituted in equation (17)
and the equation is integrated for the pressure as a function
of the x/D ratio. By the use of the series development for the
stagnation temperature, the coefficlents of the power meries
are finally determined, ’

Pxpanding the axial velocity in terms of the x/D.ratio gives

Vo Vz + a.(%)ﬁ:l:‘b(%)z-p c(%);5 + tl(%)4 * o » (21)
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which is substituted in equation-(u-) rewritten as

et o)

where m = 0.098R"C:2, There is thus obtained for the axial-
pressure distribution

ey [vz(;;)_+ (F 36T - 50) - - ]
g [a(;) @ @@ | o

If T is replaced by T, ‘and 6 '15' dofined as T, - Ty, there

is obtained from equation (6)-.;

X

) -_eze-m(f). 6, |1 - n(%)+ ng-l)z . ,',,,5£]'£>)5 e (23)

From the dsfinition of T

Ty T =T - T - 352
. P
and the gas law
P = pR,T
6@ may be written as
v Ve
9=Tv-ﬁp—vp X (2‘)
, . G P .



HACA ARR.No.'1AIIIY" . 13

Linear equations for tha oooffﬂ.cientn J:n ‘the power. deriaa
of equation (21) are obtained by substitubing: the expressions
for V, p,- and 6 g;lven by. equations (21), (22); and (23),
respeotively, in equation "(24) and setting the sum of the goef-
ficiepts of the various powera of the % ratio equal to zeno:.

1

(v 2 ]
Ba = m 2 + 9 . - A . '_" -
T g}. ) 2 : . .t . ‘_-"-_.. DS "r L -':'.' ]
51;-.-33;2; * a..z'("r'a‘- 1) ‘Gt - et '
ZR(; , .273{}. 21 ,
50 < B av,b +- a2\ . an(y + 1) o . ™
°= s : * - + .5' .
sm{ Ve°  abv 2 ezm4
ﬂd’ﬁ; 1 tE +27R (2a0 + b%) - —— I
2Vod . 2 e
Be=%§ —52-—+E£‘1>_-__|_ +1(ad-|_-'bo)_'+§q§6 +'..§2';.5. |
where -;
B % Y L e e
) -vzl_ -yRG RN .. | ) o

The ooefficients a, b, o, 4, and e are thus determined
in terms of T' and ‘the entrance conditions m, V,, and 65.

The pressure drop for any value of x/D is foumd by substituting
these values in equation (22) dr in ‘the following rearrangement
of equation (22):

[( (w%)() ("‘“"‘°)()
(m,,“)( (26)
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The rapldity of convergence of the right-hand side of equa-
tion (26) has been investigated by a graphical integration of
equation (17) for specifie initial conditions. In figure 1 the
results of this integration are compared with the results obtained
by use of equation (26). Mathematical accureoy compatible with
the other simplifying assumptions of this analysis is obtained
for pressure ratios down to 0.55 by using five tems of the power

series,

Figure 1 is also useful for checking the acourmcy of equation (20),
vhich was derived by assuming a linear axial-veloclty distribution.
Equation (20) appears to be reascnebly accurate throughout the present
design rangs and down to a preasure ratio p3/p2 of 0.7.

Another approximate solution for equation (17), based on the
use of the ata.snation tonrpera.ture in the gn.u law, is

N
i e ;%@)] '

The accuracy of this solution, as indicated in figure 1 is between
the accuracies of the two scluticns already discussed. .

vhere

Effect of Mach mumber on flow in radlator tubes. - Important
information concerning the effect of Mach number on ?low in redi-
ator tubes can be obtained from equation (17). From equation (23)

. -o.ax '
-0.098R
O = eze )

vhich, when differentiated, is

~0.2

e
= -0.098 B ax (28)
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8Bubstlituting d:lreof.;l.y 1:_1_:_ équg.tion (17) results in

A e e—g .
¢ gt LAY

-dp - (-pv)v — +pV av : (29)

If dp is now elim:lna.ted from equation (29) by means of the
two relationshipa ’ T4

" -::- e 'P*pBQT-_' | | —

and

the resulting’eguation in two variables 1s .

L

R & EN D

e
.av . Vv - Ra0+72

(30)

Equation (30) 18 importa.nt because it is 1ndependent of geometry
and Reynolds numbser. . .

At present no closed solution of equation (30) is available.
A graphical solution, determinmed by the isoclinic method, 1s given
in figure 2, The curve for any" particular radlator is the curve
that passes through the point (Vz ,92 corresponding to the

given entrance oonditions. The straight line in the figure sep-
aratea the supersonic range on the right from the subsonlic range
on the left.: The equation of the straight line is found by
sotting de/dv equal to zero in equation (30).

Zﬁgp)-ng (.T“"-'e) o .' | o

:
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This equation may be easily reduced, from the definition of 9,
to Z—-, 1; that ia, the line corresponds to e Mach number of unity.

If the entrance velooity Vo, 1is sudbsonic, V will increase
along the tu‘be a.nd my reach aonic velooclity, where g_g. = 0,

For the alr to accelerate into ths supersonic region, 6O - would
have to inorease; that 1s, the total energy would have to decrease,
which is contrary to equation (23), the heat-transfer equation. A
supersonic velocity may then never develop within a radiator tube
vith subsonic entrance velocity. The limiting Mach number of unity
will be found at the tube exit.

If the entrance velocity is superseonic, V will decrease
along the tube, the change being-now from right to left along the
ourves of figure 2. The flow may ndt, however, pass continuously
into the subsonic reglon without violating equation (23). A
discontinuous tranaition may occur from the supersonic to the sub-
gonic region by means of .a staticonary. compression shock If the
upstream flow is supersonic, depending on the tube length and the
exlt pressure. Such phenomena, however, are of no importance in
current radiator technology and a. discussion of them is beyond the
scope of this paper,

Pressure loss at the-e'”x'it of the radiator tubes. - For radi-
ators In current use the diecharge of the alr from the radiator tubes
is accompanied by a loss of total pressure of ebout O. 2q3 (ref-

erence 2, p. 10). This lose somewhat exceeds that given by the
woll-known Borda-Carnot formula for expansion loss

2

As .
AH = 1l - = 32
a, h _ (32)
vhich, for ;= = %, is only 0.1lq3. The difference is probably
4 "

due partly to surface lrrsegularities .at the exlt and partly to
the differenca in kinetic energles assoclated with the upstream
and the downstream velocity distributions.

OQutlet flow. - For conv'enieﬁoe in computation, the air behind
the radiator is assumed to be broliight to stagnation conditionms.




HACA ARR No. IATLlb, . - 17

The stagnation pressure 1is then

P oape|l 2=t _3 )" o2, (33)
4 Ps / . 3
.a.nd, from equation (6) , the stagnation temperature is

«f

The air is now assumed to expand ieent.zl-oﬁcally to the free-
stream pressure. The velocity of the air at this pressure is

glven by
Vg =l\/2Jol', ('.If54 - '1'5) -=‘/2J'cp T°4 ( - T;s:) . (35)

Introducing the relationship v

r-1

T'B4 p54—
—(“‘) R (se)

allows equatio'n (35) to be rewritten as

. . - . * ,L_-l' -
Po\?
V_ =}[2J0pT 1 - (=2 (37)

The drag power per unit’ open a.rea due to the momentm cha.nge
of the cooling air is' ° _ . o ) .

L . N W
..Ta,i - '1"52.+ (Tw -'Taz) 1= 374(0..0247)3 ) . (34)
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pD szz(vg - VS)V (58)

It is to be noted that tliia-pawer represents, in general, a prac-

tical minimum as-this value neglects any further effects of the
low-energy cooling alir on the external drag.

PERFORMANCE CHARTS

For the radiator performance charts the pressure drops within
the radiator tubes’ were ; Tor convenience, calculated by the simplest
of the methods discussed, namely, ‘the method that assumes & linear
velooity distribution along the tube. As has already been indi-
oatqd,tho pressure losses are thereby slightly overegtimated for
those cases in which the’ preeatre drop ie & large fraction of the
absolute pressure. The caléulation of the flow path of the cool-
ing air to obtain the performance charts is outlined as follows:

Values of -alrplane spesed, altitude, and tube-entrance velo-
olty are assumed. The temperature: "1‘2 at the ‘tube entrance

follows from equa—tion (1), but. thé pressure P, Given by equa-

tion (2) 1s arbitrarily reduced by 10 percent of the free-stream
dynamic pressure to account for flow separation and skin frictionm.
The heat-transfer rate follows from equation (14) by.evaluating
the viscosity in the Reynolds number at the mean air temperature
approximated by use of equation (6). The pressure at the radiator
exit follows from equation (20), where TS 18 approximated by

" equation (6). The stagnation pressure and the tenrgera’c.ure in the
3

duct behind the radiator follow from equations (33) and (34),
respectively. Finally, the drag power is obtalned from equa-~
tion (38) with the exit veloclty of equation (37). The atmos-
pheric conditions were assumed to be those of Army air and the
redlator-tube-wall temperature was assumed to be 2400 F., A
ratio of free-flow area to frontal area of 2/3 was assumed;
for any other ratio, the resulte merely change in proportion.

The calculations covered the following ranges of variables:

Altitude, £t . o ¢« « ¢« ¢« 4 « s 0 ¢ s s s s s s ¢+ » « 0 to 50,000
Airﬁpeedmph ..'.....-..'.'..-....---.OtOSOO
Radiator-tube longth, In. . ¢ ¢ 4 ¢« ¢ 2= ¢ ¢« ¢ o « « 9, 12, and 15
Radiator-tube dlameter, 10. + + o« « « « o « o + o « « 1/4 &and 1/5
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The six performance charts of figure 5 are for the six
different radiators. ' In thése charts the total-preasure-loss,
defined as the difference between the stagnation pressures
ahead of and behind the radiator, has been plotted against
the heat-transfer rate per unit frontal area., - The inhlet pres-
sure loes is not included. The ordinates havé been divided by
O for NACA standard air (see table I) merely for convenience
in separating the curves. Lines of constant tube-entrance
velooity bave also been plotted im figure 3 to aid in the quick
determination of the cooling-air quant:l'by at the radiator
face.

Although the calculations were carried out for airplano
speeds of 100 miles per hour to SO0 miles per hour, the results
plotted in figure 3 are only for an airplane speed of 300 miles
per hour. The ratio of the heat-transfer rate at several air-
plane speeds to the heat~tranafer rate at an airplane speed of
300 miles per hour for the same total-pressure loss has been
tabulated for different altitudes in table II. These cor-
rections, although appreclable in-some cases, especially at the
lower altitudes, are for the most part negligible. A similar
correction for the cooling-air quantity 1s given in table III,
where the ratios of the tube-entrance airspeeds at several
alrplane speeds to the tube-entrance alrspeed at an airplane
speed of 300 miles per hour for the same loss in total pres-
sure are tabulated for different altitudes.

It may be remarked that the corrections in table II involve
two opposing effects of airplane speed: namoly, increased tube-
entrance stagnation temperature, which decreases the heat-
transfer rate for a given total pressure loss, and increased tube-
entrance density, which has the opposite effect. At low altitudes,
the temporature effeot predominates; but at high altitudes, where
the oritical design condition usually occurs, these effects
almost compensate esach other and render figure.3 pa.rtioularly
aoocurate,

A comparison of figures 3(a) a.nd 3(a) shows that a Rout 50 per-
cent more heat may be dissipated .per wmit flow area by -inch

tubss 9 inches long tha.n by I—inoh tubes 9 Inches long for the

same total-preuure lous. In general, for itube lengths of this
order, the tubes of smaller dlameter will permit smaller redi-
ators and/or smaller total-pressure losses.

~
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Figure 4 shows the drag characteristics of -the radiators
as functions of the flight speed, the heat~trangfer rate, and
the tube-entrance velooity. The heat-transfer-rate and the tube-
entrance veloclty are obtained from figure 3. No ipterference
effects or welght drag ave Ineluded. It may be seen that, at
the high inlet veloglitles necessary at high altitudes with radi-
ators of reasonable size, the cooling drag power becomes very high,

In the past 1t was hoped that the Méredith phenomenon would
bring about very low drags at high altlitudes. Appreciable decreases
in drag are due to this source; but the calculations, which auto-
matically take into account the Meredith phenomenon, show that
those decreases are not sufflcient to keep the drag of emall-gsize
high-pressure-drop units from appreciably lncreasing at high
altitudea.

An example will illustrate the uss of figures 3 and 4 and of
table II. The airplane for vhich the radiator will be designed is
assumed to have the performance shown in table I. The denaities
and Mach numbers used in calculating q, ere for Army alr. The
radietor design is assumed to be for_ tubes of %.-mch internal

diameter and 9-inch length.

The usual oconditlion determining the radiator frontal area
will be eilther climb at sca level or climb at the maximum altitude,
that is, the condition at which the heat-transfer rate per unit
frontal area is lowest when the entire total pressure available
for ocooling is utilized. If the avallable preassure for coolling is
assumed to be 0.9qc, the values of the heat-transfer rate may dbe

read from figure 3(a) for both high speed and climb. The results,
corrected according to table II, are summarized in table IV.

An examination of table IV discloses that the frontal area of
the rediator is determined by the ‘value of the heat-tranafer rate
in climb at 40,000 feet, if the necessary heat-transfer rate for
satisfactory cooling is apsumed constant. If 1000 horsepower is
to be transeferred to the oooling air, the necessary radiator
frontal area is 1000/164 or 6 square feet.

Once the radiator frontal area is fixed, the operating line of
the radiator 1s the ordinate in figure 3 through & heat-transfer
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rate of 164.horsepower per square foot. Theirgtio of the dreg
pover to the heat-tranafer rate may be determinsd from figure 4(a)
from the values of the alrplane speed, the tybe-entrance .
velocity, and the altitude. . The results are tahbulated in table V.

CONCLUSIONS . .:
From the present study of hea't treansfer, pressurs drop,

and drag power of radiators in flight at high altltudes, 1t
is concluded that:

1. At high altitudes, the density reduction within the
rediator tubes results in appreciable increases in both
friction pressure drop and acceleration pressure drop.

2. The usual heat-transfer equations may be retained at
high Mach numbers, provided that stagnation temperature is used
in place of actural temperature.

5., Heat-tranefer rate as a funoction of pressure loss 18
practically independent of airplane speed at high altitudes.

4. Excesslve drag ia aasociated with the use of emall
radlators at high altitudes; slight increases in radiator size
result in lerge decreases in drag.

S. The Meredith phenomenon becomes insignificant when the
radlator pressure drop approaches the total avallable pres-
sure.,

La.ngley' Memorial Aeronautical Laboratory
Natlonal Advisory Committee for Aeronautica
Langley Field, Va.

REFERENCES

1. 8ilverstein, Abe: High-Altitude Cooling. I - Résume of the
Cooling Problem. NACA ARR No. IAIll, 1944,

2. Brevoort, M. J., and Leifer, M.: Redlator Design and Instal-
lation. NACA ACR, May 1939.



22 _ NACA ARR Ho. -TAILIb

3. Brevoort, M, --J’.'.z_ ‘Radidtor- Design. - NACA ACR, July” 1941,

4. Crocco, Luigl: Transmisiion of Heat frem a Flat Plate to a
.. Fluid Flowing ab-a High Velocity. NACA T No.'890, 1932,

5, Frossel, W.: Flov in Smooth Straight Pipes at Velocities
above and below Sound Velooity. NACA TM No, 844, 1938.

7



%

NACA ARR No.

L4I11lb

TABLE 1. = ASSUMED AIRPLANE PERFORMANCE

[@ing loading, 40 1b/sq ft; heat rejection, 1000 hé]

23

Figh speed Climb
Altitude ggiiiéveo Alr- Free-stream | 0.9q, Alre Free-stream | 0.9q
(£t) (a) Ts speed, .V impact —5 .speed, V impact 5 c
{mph) pressure, . (mphs pressure,
: (1v/sq ft) _ (1b/=q rc)

[¢] 1,000 333 278 - 247 192 ° 87 78.3
10,000 738 367 247 301 218 84 102.4
20,000 « 533 403 220 371 246 m 130.2
30,000 «374 450 190 456 280 70 168.5
40,000 »245 - 501 170 625 354 - - 79 290.0

&The values of ¢

are based on NACA standard alr as in fig. 3.

G

TABLE II. - RATIO OF HEAT-TRANSFER RATES AT SEVERAL AIRPLANE SPELDS
70 WEAT-TRANSFER RATE AT AN AIRPLANE SPEED OF 300 MILES PER
P
HOUR FOR IDENTICAL TOTAL-PRESSURE LOSSES, =————
(Pe)ang
Bo/(Pe) 500
Altitude |

v, £t) 0 10,000 20,000 30,000 40,000 | 5Q,000
(mph) i

100 1.08 1.05 1.03 1.02 1.00 1.00
200 1.05 1.03 1.02 1.01 1,00 1.00
300 1.00 1.00 1.00 | 1.00 1.00 | 1.00
400 .93 .95 97 | .98 .99 1.00
500 .83 .88 .92 i, .95 .98 ; .93

TABLE III. - RATIO OF TUBE-ENTRANCE AIRSPEEDS AT SEVERAL AIRPLANE
SPEEDS TO TUBE-ENTRANCE ATRSPEED AT AN ATRPLANE SPEED
OF 300 MILES PER HOUR FOR IDENTICAL TOTALe
PRESSURE LOSSES, (33——~—
2) 300
Vg/(vg) 300
Altitude

'S £t) 0 10,000 20,000 30,000 40,000 50,000
(mph) :

100 1.05 1.05 1.05 1.08 1.06 1.06
200 1.03 1,03 1.03 1.03 1.04 1.04
300 1.00 1.00 1.00 1.00 1.00 1.00
400 .96 .96 .96 .95 .99 .95
5GO .92 .91 .91 .90 .89 .89

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




TABLE IV, = VARTATTON WITH ALTITUDE OF MAXIMU POSSIBLE

COCLING PER SQUARE FOOT

High speed ClimbP
P
Altitude Alrspeed (PC)SOO —t— Pe Alrspeed (Pc)3o ?-‘Q——- Pe
(£e) (from table I)|(from fig. 3(a)) “Jc)soo (hp / aq £t3! (mph) (hp /aq £t) Pc):soo (hp / sq ft)
(mph) (hp/ sq ft) (from table II) (from table II)

0 333 305 0,98 299 192 190 1.05 199
10,000 367 300 .97 291 218 200 1.03 206
20,3500 403 282 .97 274 246 193 1.01 195
Zc,0CC 420 235 .97 228 280 175 1.00 175
40,000 £01 195 .98 191 354 164 1,00 164

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
TABLE V. - EFERFCRMANCE OF RADIATOR OF 6-SQUARE-FO0T FRONTAL
AREA TRANSFERRING 1000 HORSEPOWER
v High speed Climb
Altitude @
(rt) (from fig. 3(a)) (r M P/Fe ;D Yo Fp
rom table I) (from fig. 4(a)) (hp) (mph) Pp/P, (hp)
{rph) {mph)

0 120 32 0.102 102 192 0.124 124
10,000 13¢E 3€7 Q72 72 218 .108 108
E0,000 145 4343 .064 64 246 .102 102
20,000 172 s .104 104 280 200 200
40,000 220 501 .176 176 3E4 360 360

v3
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